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Abstract
As part of ongoing efforts to develop electroactive polymers (EAPs) which
are biodegradable/bioresorbable, we report on the microwave assisted synthe-
sis and characterization of an electrically conducting and electroactive polymer
that capitalises on pKa sensitivity to initiate the system’s fracture and break-
down. The system, poly(bis((thiophen-2-yl)methylene)benzene- 1,4-diamine),
a poly(thiophene-azomethine) co-polymer (PAZO), incorporates hydrolytically
sensitive azomethine linkers amongst bithiophene units resulting in one con-
tinuously conjugated and redox-active macromolecular framework. Rapid mi-
crowave assisted synthesis allowed for facile preparation of the polymer with
significantly reduced reaction times when compared to traditional synthetic
routes. Electrochemical analysis indicated quasi-reversible electrochemical be-
haviour with sufficiently high conductivity for in-vivo biomedical applications.
The polymer displays tunable degradation behaviour whereby the time duration
required for polymeric breakdown is a function of the pKa of the acid used to
catalyse the reaction resulting in controllable degradation times ranging from
1 hour to 6 months. The development of conductive polymeric materials that
are fully degradable over pre-defined time periods opens up a portal to the next
generation of EAPs for in-vivo biomedical applications.
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1. Introduction
In recent years, the development of novel biomaterials has moved towards the
inclusion of materials that respond to external stimuli such as pH, tempera-
ture, light and electric/magnetic fields [1, 2, 3, 4, 5, 6]. Electroactive polymeric
materials (EAPs) are particularly attractive as they provide a platform for de-5
livering and receiving electrical signals. These materials have the potential
to revolutionise the design and development of modern in vivo biomedical de-
vices, for example, as a responsive platform for the control and monitoring of
drug administration or as a support scaffold for the growth or repair of tissues
[7, 8, 9, 10, 11, 4, 12, 13].10
Despite a number of promising studies in the development of conducting/ elec-
troactive biomaterials, the development of materials for in vivo applications has
yet to be fully realised due to the lack of materials with biodegradable/ biore-
sorbable properties. The same structural features that allow EAPs to function
as charge carriers do not facilitate the overall biodegradability/bioresorbability15
of these materials. This is primarily because the overlapping π-electron network
that enables charge transfer to occur does not lend itself to undergoing degra-
dation in vivo leading to two major drawbacks[14], namely, the potential for an
undesired inflammatory host response and/or the requirement for a secondary
procedure in order to remove a spent device due to lack of in vivo degradability.20
The high number of repeat units present in EAPs are typically too large to be
removed naturally by local cellular environments and thus EAPs are commonly
deemed neither biodegradable nor bioresorbable significantly limiting their use
towards in vivo biomedical applications.
Current approaches towards the resolution of this issue involve the preparation25
of composite materials, where conducting polymers are either blended or func-
tionalised with biodegradable polymers such as PLA, PGA or PCL [5, 15, 16], or
the development materials based on conjugated, heterocyclic oligomers bridged
via non-conducting linkers which are sensitive to physical, chemical or en-
vironmental changes. Previous attempts towards such systems have yielded30
polyesters derived from oligoaniline, oligothiophene and oligopyrrole sensitive
to enzymatic hydrolysis [11, 17, 18, 19]. Given that low weight oligomers should
be readily consumed by macrophages as a result of the normal wound healing
process, they should undergo excretion via renal clearance, therefore preventing
any type of adverse immune response in vivo [20]. However, conductivity values35
were adversely affected by the introduction of the non-conductive polyester por-
tions. This approach also still fails to reconcile the issue of in vivo degradability,
as the conducting polymer constituents of any composite or blend derived from
materials such as polyaniline, polypyyrole or polythiophene will remain in place
until retrieved.40
The development of fully conjugated EAP materials with intrinsic biodegrad-
able/bioresorbable properties is yet to be realised as striking a balance between
the features that induce conductivity and those which impart biodegradability
remains a challenge in the successful application of EAPs towards the biomed-
ical device industry. Polyazomethines are formally regarded as isoelectronic45
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with polyacetylenes and display inherent conductivity up to 10-6 S cm-1 with
values of 10-2 S cm-1 achievable upon doping[21]. In addition, azomethine/imine
bonds are recognised as useful linkers in the preparation of stimuli-responsive
materials[22]. By incorporating acid labile bonds into the EAP’s primary struc-
ture it is possible to generate a co-polymer with a molecular switch capable50
of initiating the polymer’s fracture and subsequent degradation. To address
the aforementioned drawbacks in the development of fully conjugated EAPs
with inherently degradable features, we have prepared a conducting thiophene-
azomethine co-polymer that displays pKa tuneable degradation properties and
sufficiently high conductivity for biomedical applications. By coupling thio-55
phene heterocycles with hydrolytically sensitive azomethine linkers, it is pos-
sible to create a conducting co-polymer containing an on-demand, degradable
constituent that maintains the conjugated structure and does not compromise
the material’s bulk conductivity. Thiophene oligomers are convenient building
blocks for the preparation of functional electroactive polymers and materials60
derived from thiophene have shown good in vitro compatibility [23, 24, 25, 26].
Our synthetic strategy included the use of rapid microwave assisted synthesis
(MWS), as previous studies have found the EAPs products of microwave as-
sisted synthesis have greater molecular weight and conductivity values [27, 28].
The resulting material was structurally characterised using 1H NMR and FT-IR65
spectroscopy. The conductivity, electrochemical, and optical properties of the




2,2’-Bithiophene-5,5’-dicarboxaldehyde (DFBT, 98%) was obtained from To-
kyo Chemical Industry UK Ltd. p-Phenylene diamine (p-PD, 98%), and acetic
acid (CH3COOH, 99%) were purchased from Sigma Aldrich. All reagents were
used without further purification unless otherwise stated. Solvents used for
spectroscopy were analytical grade reagents.75
2.2. Methods
Microwave assisted synthesis (MWS) was conducted using an open system in
a CEM Discover SP microwave reactor under the reaction conditions specified
below. 1H NMR spectra were recorded on a Jeol EX270 270 MHz instrument
at room temperature using deuterated solvents. FT-IR spectra were recorded80
by an Agilent Cary 630 FT-IR Spectrometer using an Agilent diamond ATR
sampling accessory (4000-600 cm-1). All spectra were recorded at room temper-
ature. Solution UV-Vis spectra were obtained from an Agilent Cary 60 UV-Vis
spectrophotometer. Samples were diluted to 20 µg mL-1 from a stock solution of
1 mg mL-1 in dimethylforamide or THF. XRD data were collected in reflectance85
mode with an Empyrean diffractometer (PANalytical, Phillips) equipped with
CuKα1,2 radiation (γ = 1.5406 Ȧ) operating at 40 kV and 40 mA at room
3
  
temperature. Samples were scanned between 2θ values of 5 and 50◦ at a step
size of 0.079◦ 2θ/s, 90.27 s per step. All electrochemical measurements were
performed using a CH Instruments Electrochemical Analyser. Prior to use, the90
glassy carbon working electrodes (GCWE) were polished with Al2O3 slurry,
sonicated in methanol, rinsed with acetone and then left to air-dry. All electro-
chemical experiments were conducted in 0.1 M TBABF4/DMF at 100 mV s
-1.
Conductance measurements were made using a Signatone S-1160 Series Analyt-
ical Probe Station connected to a HP 4194A Impedance/Gain Phase Analyser.95
Prior to this samples were pressed into pellets using a Gamlen R-Series tablet-
ting system using a 6 mm stainless steel die. The thickness and diameter of the
pellets were measured using a PTB 11E tablet hardness tester. Surface area
measurements were completed using ImageJ image processing software.
2.3. Microwave assisted polymerisation100
Poly(bis((thiophen-2-yl)methylene)benzene-1,4-diamine) (PAZO) was synthe-
sised in our lab using a microwave assisted solution condensation polymerisation.
Microwave assisted synthesis (MWS) was conducted using an open system in a
CEM Discover SP microwave reactor under the reaction conditions specified in
each case. Reaction temperatures were monitored using an IR sensor in the base105
of the reaction cavity. 1 mmol of DFBT and 1 mmol of p-PD were dissolved in
10 mL acetonitrile containing 1 mL of CH3COOH in a suitable reaction vessel,
which was then placed into the cavity of the microwave synthesiser. The reac-
tion mixture was stirred by magnetic stirring for 1 h with µλ = 30 W and the
temperature, which was maintained at 30 ± 5◦C, was monitored using an IR110
sensor. The product, poly(bis((thiophen-2-yl)methylene)benzene-1,4-diamine)
(PAZO), formed as a red precipitate which was collected via filtration and then
redissolved in THF and reprecipitated in hexane. This was then cleaned by an
overnight extraction with refluxing methanol in a Soxhlet apparatus. Red solid,
(171.1 mg, 70.7 %qual.). FT-IR (ν cm
-1): 1641 (s), 1608 (m), 1500 (m), 1436115
(m), 1220 (m), 1196 (m), 1064 (m), 952 (w), 833 (s), 793 (vs). 1H: δh (270 MHz,
DMSO-d6) δ 9.93, 8.75, 7.79, 7.64, 7.52, 7.14, 6.59, 5.35. UV-Visible (DMF):
maximum absorption (λmax) 456.5 nm.
2.4. Degradation studies
20 mg of the bulk polymer was incubated in an aqueous solution of acid (10120
mL) at 37.5◦C, until it was noted that the degradation process had to gone to
completion, i.e. the formation of precipitates. This precipitate was collected via
suction filtration, washed with H2O and dried in an oven at 50
◦C. Identification
of the degradation products was completed using 1H NMR and FT-IR. pH of
the reaction media was estimated using narrow range indicator paper.125
3. Results and Discussion
3.1. Synthesis
The synthetic scheme is outlined in Fig. 1. Using rapid microwave assisted
synthesis, the reagents were irradiated for 1 h under 30 W, where a qualitative
4
  
yield of 70.7% was obtained after purification. The synthesis and purification130
of PAZO is facile, requiring only three experimental steps from the starting
materials and with no prerequisite for purification of products via column chro-
matography. Typical wet synthetic methods require reaction times of over 48
h, however, the use of microwave assisted synthesis dramatically reduces this to
yield product formation in times as short as 20 mins. The products of MWS135















Figure 1: Synthesis of poly(bis((2,2’-bithiophen)-5-ylmethylene)benzene-1,4-diamine) (PAZO)
via microwave assisted synthesis.
Azomethine bond formation is generally thought to occur in a stepwise manner.
Firstly, the electrophilic, unsaturated carbon atom of an aldehyde is a target
of nucleophilic attack by an amine, resulting in the formation of a tetrahedral
hemiaminal intermediate which occurs in a two-step process involving a charged,140
transient species, i.e. either a zwitterion or a cation depending on the pH of the
solution [29]. This is followed by the elimination of water from the hemiaminal
and the imine bond is formed [30]. It has been proposed that upon reaction in
organic solvent, an alternative mechanism without the involvement of charged
species occurs. This involves a cyclic, polar four membered transition state,145
in which the proton transfer step between the nitrogen and oxygen and C=N
bond formation simultaneously occur in a concerted manner, as illustrated in
Fig. 2 (a). A recent kinetic study investigated the effects of organic solvent on a
condensation reaction between an aldehyde and amine [31]. The results of this
study indicated that the polarity of the solvent had a significant influence on150
the reaction rate. The slowest approach to equilibrium was observed in the least
polar of examined solvents, an indication that the rate determining transition
state is polar in nature. The reaction was also slower with the use of polar
protic solvents compared to aprotic solvents, eluding to the possibility that the
dehydration step occurs without the help of solvent as a proton shuttle, but via155
a polar four-membered transition state and is also affected by the nature of the
solvent, also shown in Fig. 2 (b). If this is the case, then the polar intermedi-
ates would be largely affected by the presence of microwave radiation, leading
5
  






































Figure 2: Evolution of postulated polar transition states during the formation (a) and decom-
position (b) of a hemiaminal intermediate via a concerted mechanism.
3.2. Structural Characterisation
Fig. 3 and Fig. 4 show the FT-IR and 1H NMR spectra for PAZO. The poly-
meric structure was confirmed by the presence of characteristic features in both
spectra. The azomethine structure is confirmed by an absorption is present at165
ca. 1608 cm-1 providing evidence for the formation of the linkage. This is fur-
ther confirmed by absorptions at ca. 833 cm-1 for the p-disubstitued benzenoid
structure and ca. 1590 cm-1 for the stretching of the benzene ring. The band at
ca. 793 cm-1 can be attributed to the 2,5-coupled thiophene rings, due to aro-
matic C-H out-of-plane deformations, and is typical for this kind of substitution170
pattern having been previously observed in other polythiophene materials[32].
Upon exposure to strong acids, the polymer undergoes an immediate colour
change from red to black. This is associated with protonic doping (i.e. proto-
nation) of the azomethine nitrogen and is accompanied by a significant change
in the spectrum which suggested the formation of an imine hydrochloride, con-175
firming the polymer had undergone protonation, as illustrated in Fig. 1. This is
confirmed by the appearance of a broad absorption of weak-to-medium intensity
at ca. 2500 cm-1, induced by the stretching of N-H+. This was also accompa-
nied by a shift in the C=N double bond stretch from ca. 1654 cm-1 to ca. 1638
cm-1. This shift in energy due to the protonation of the azomethine nitrogen, as180
previously discussed, which results in the presence of C=NH+ which has been
observed with other aromatic polyazomethines in the presence of HCl [33, 34].
3.3. Electrochemical Characterisation
The electrochemical properties of PAZO were investigated by cyclic voltam-








































Figure 3: FTIR transmission spectra of PAZO.














Figure 4: 1H NMR spectrum of PAZO in DMSO-d6 and its assignment. Peaks a-f are due to
the various aromatic protons present on the thiophene and benzenoid moieties.
one-electron oxidation peak is present at −0.71 V. Thiophene-azomethines com-
pounds are known to undergo two oxidation steps, the first of which is associ-
ated with a one electron process where thiophene forms a radical cation, which
is followed by the removal of a second electron to form a dication species [35].
Electrochemical analysis of PAZO consistently produced two oxidation peaks at190
0.7 V and 1.2 V which have been assigned to the oxidation of the bithiophene
constituents in the polymer backbone and the formation of both the cation and
dication species. Two reduction steps are observed in the cathodic region of the
scan. The first reduction peak at −0.86 V is attributed to the azomethine entity.
Values ranging from −0.7 - 1.6 V have been observed in the literature for the195
reduction of other poly(thiophene-azomethines) [36, 37]. This behaviour also
matched observations made during cyclic voltammetry experiments carried out
























V vs. Ag/Ag+  (V)
Figure 5: Cyclic voltammogram of PAZO in 0.1 M TBABF4 in DMF at a scan rate of 100
mV s-1.
3.4. Conductivity and Optical Studies200
The bulk electrical conductance of all samples including pristine, protonic
acid doped and iodine doped, was measured using a four-point probe. Prior to
analysis, the polymers were pressed into cylindrical pellets using a tablet press
(d = 6 mm). Using Eqn. 1, the conductivity of each sample was recorded and
the results are presented in Table 2.205
σ = Gl/A (1)
Typical conductivity values for electroactive polymers are in the range of 10-7 -
105 S cm-1 and the values recorded for these materials fall within this range [38].
It has been suggested that in order for the electrical stimulation of cells to occur,
the minimum flow of current required is in the range of 10-100 µA[39]. From
the results presented in Table 1, it is clear that the action of protonic doping210
upon treatment with strong acid causes a 70% increase in the conductivity
of the material compared to its original value. This behaviour is similar to
the transformation that is observed in nitrogen-containing polyaniline resulting
from the action of protonation [40, 37]. PAZO was also treated with a solution
of I2 in acetonitrile and where the red powder turned black upon mixing. In215
the event of oxidative doping using an electron acceptor such as I2, there was
an 82% increase in the conductivity of PAZO. This has been attributed to the
introduction of defects which can behave as additional charge carriers within
the polymer’s electronic network.
Fig. S3 shows the solution phase UV-Vis absorption spectra of PAZO recorded220
in CHCl3. The spectrum shows two peaks at ca. 355 and ca. 456 nm which
were assigned to the n -π* and the π -π* electronic transitions, respectively.
According to the literature, λmax of regioregular poly(3-hexylthiophene) (P3HT)
8
  
Table 1: Conductivity and optical band gap values for pristine, protonated and doped
poly(thiophene-azomethine)s






TPA-Th 1.9 - 2.1a -
aOptical band gap data from ref. 34.
appears at 449 nm [41] while homopolymer polythiophene films deposited onto
ITO have a λmax at 460.0 nm [42].225
The optical band gap (Eg) of the polymer was roughly estimated from the
absorption edges recorded via solid-state UV-vis via[43],
(αhν)2 = A(hν − Eg) (2)
where A is a constant that depends on the transition probability, Eg is the
optical band gap energy, h is Plank’s constant and ν is the frequency. With the
use of the Tauc relation, the Eg of the polymers can be calculated by extrapo-230
lating a straight line to (αhν)2 = 0 axis in the plots of the (αhν)2 versus Eg.
Assuming that the transition probability was 1, Equation 3 was simplified as
shown below,















In the above equation, α is the absorption value in the recorded UV-vis spectra,
while λ is the detection wavelength. Fig. 6 shows a Tauc plot that was derived235
using equation 5. By extrapolating a straight line where (αhν)2 = 0, an Eg value
of 2.36 eV was calculated for PAZO in solution. The Eg values of most semi-
conducting polymers fall within in the range 1.5 - 3.0 eV [44], where rr(P3HT)
has an Eg of 1.9 eV and polyazomethines derived from thiophene have Egs
ranging from 1.9 - 2.1[41]. The Eg values derived here correspond with the240
conductivity values reported earlier.
3.5. Degradation Studies
Azomethine linkages in small organic molecules have been reported to readily
undergo hydrolysis in the presence of water[45] while, macromolecular polya-
zomethines are also known to be sensitive to strongly acidic environments un-245
dergoing protonation [46]. It has been shown that polyazomethines derived from
















Figure 6: Tauc plot derived from solution UV-Vis spectrophotometry.
poly(thiophene-azomethines), the hydrolysis of the polymer and its sensitivity to
acid strength has not previously been reported. Solution UV-vis spectroscopy
was utilised to investigate the degradation of the polymer by monitoring the250
shift of λmax as the material undergoes hydrolysis. Figure 7 shows that the
pristine polymer initially had two absorbance peaks ca. 355 nm and 445 nm
in THF. Upon addition of HCl, the spectrum changed significantly with the
absorbance peak at ca. 445 nm disappearing entirely and the appearance of
a new peak ca. 367 nm. Moreover, aliquots were taken from the organic and255
aqueous extracts collected from the hydrolysis reaction of the bulk polymer
further highlighted the structural difference between the pristine polymer and
its degradation products. The aqueous extract presented a trace comparable to
precursor p-phenylene diamine, while the organic extract presented a trace anal-
ogous to the bithiophene parent aldehyde, DFBT. Both the absorption maxima260
for the aqueous and organic extracts are hypsochromically shifted due to the
lower degree of conjugation in the recovered monomers.
In order to further explore the possibility of using the acid labile azomethine
bond as a molecular switch, the bulk polymer was introduced into aqueous so-
lutions of acids with varying pKa to investigate the material’s sensitivity to265
different acidic environments. Upon exposure of the material to HCl (pKa ≈
−7), a significant colour change from red to black was observed indicating pro-
tonation of the nitrogen atom, as previously discussed. This colour change was
also immediately observed for samples incubated in acids of a lesser strength,
i.e pKa ¡ 2. Heating these polymer samples to 35
◦C resulted in the disap-270
pearance of the black, protonated polymer and the formation of a cream/gold
precipitate. Table 2 shows the observations for each acid used during hydrolysis
studies. Structural analysis via FT-IR and 1H NMR of the gold precipitate
confirmed the reformation of the parent aldehyde, DFBT. PAZO undergoes hy-
drolysis at conditions close to ordinary body temperature, meaning that local275
temperatures in vivo should be sufficient to initiate degradation provided local
10
  






















Figure 7: UV-Visible absorption spectra monitoring the hydrolysis of PAZO in THF using
HCl. The arrow indicates the shift in λmax upon the addition of HCl to the cuvette.
Table 2: Summary of degradation observations made over the course of this study
pKa Colour change pH Time
HCl -7 Black 0.5 1 h
p-TSA -1.34 Black 0.5 3 h
Oxalic acid 1.23 Black 1.0 1 d
Citric acid 3.13 Black 3.0 3-4 months
Glycolic acid 3.83 Brown 3.0 6 months +
Acetic acid 4.75 Brown 3.5 6 months +
Hydrolysis catalysed using weakly acidic aqueous media is of greater interest to
the authors as strong acids (i.e. HCl, p-TSA) are not suitable for in-vivo appli-
cations, thus it was considered important to explore the susceptibility of PAZO280
to degradation in weakly acidic media. For samples incubated in weak acids,
only the polymer incubated in citric acid (pKa ≈ 3.13) appeared to undergo
the initial protonation step with the visible colour change from red to black at
the time of publication. In order to confirm the presence of any parent alde-
hyde in the remaining samples, i.e., acetic acid and glycolic acid, aliquots were285
taken from all of weak acid samples and CDCl3 was used to extract any organic
degradation products that may be present. 1H NMR spectra (Fig. S1) contained
signals that suggest the presence of the starting monomer, DFBT, leading to
authors to believe that the hydrolysis process via weak acid catalysis had begun.
There are few ways to adjust the length of the degradation period post-fabrication.290
Among the many influential factors on the degradation rate of a biodegradable
polymer, e.g., molecular weight, crystallinity, additives, it is the material’s com-
position which has the most profound effect [48, 49]. This implies that the
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rate at which degradation occurs is an inherent material property dependent
largely on its structural attributes with limited extent for variable rate control295
via external factors.The observation of protracted degradation times in the pres-
ence of acids with higher pKa implies it is possible to alter the rate at which
the material breaks down, independent of its composition and inherent mate-
rial properties using pH and pKa. This creates the opportunity to control the
degradation cycle via external factors influencing the duration of time it takes300
for the protonation step to occur, which depends on the strength of acid used
to hydrolyse the polymer backbone.
These degradation results are promising, such that they lead us to propose that
the hydrolytic degradation of PAZO would occur in vivo under the appropri-
ate pKa and temperature conditions. Given this, the most pragmatic approach305
towards the development of next generation composite materials is to prepare
blends of electroactive and conducting polymers, such as the system presented
in this study, with biodegradable polymers such as PLA and/or PGA based co-
polymer. The resulting material would contain a PAZO portion, which imparts
electroactive and conducting properties, while this EAP’s inherent degradability310
means that the system may be viewed as wholly biodegradable. Such materials
would be suitable towards short-term and long-term implantation, depending on
the ratio of both polymers included in the blend. This blended material could
be applied towards potential applications such as electrochemically-mediated,
burst or controlled release drug delivery systems or towards the development315
electroactive and conducting tissue culture platform. Techniques such as elec-
trospinning or extrusion could be employed to produce a dual sheath fibre where
the internal core is comprised of biodegradable polymer and the external layer
is an degradable EAP material, ie., PAZO. The internal biodegradable polymer
core will induce mechanical stability to the fibre and be responsible for initiating320
the biodegradation of the electroactive polymer, whereby it’s natural metabolic
consumption and resulting acidic degradation products will serve to lower the
local pH, acting as a molecular trigger instigating the fracture of the azomethine
bridges and thus, the external electroactive and conducting polymer layer.
4. Conclusions325
In an attempt to develop electroactive and conducting polymers which are
biodegradable/bioresorbable, we have presented a soluble thiophene-azomethine
polymer as a degradable, electroactive and conducting material. This system
has excellent potential towards the preparation of novel composites in future
works as this polymer backbone contains a conjugated network where degrad-330
ability is an intrinsic property. This system, PAZO, which has been synthesised
using a facile and efficient microwave assisted synthesis technique, consists of
hydrolytically sensitive azomethine linkers amongst bithiophene units resulting
in one continuously conjugated macromolecular framework. Standard chemi-
cal and spectroscopic analyses were performed and these results indicated that335
the desired structure was prepared using microwave assisted techniques and
that the product’s structural integrity was maintained with the use of MWS.
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Electrochemical analysis indicated that PAZO exhibits a quasi-reversible redox
behaviour, where the bithiophene units remain electroactive after condensation
into co-polymer network. Conductance studies and subsequent conductivity340
calculations found that the material falls within the expected semiconducting
range, where σ = 2.08 S cm-1 and optical studies and derivation of the mate-
rial’s optical band gap confirm this observation, as Eg = 2.36 eV. Degradation
studies have proved that it is possible to hydrolyse and breakdown the conduct-
ing polymer and the rate at which this is observed is related to the strength of345
acid catalysis used. In conclusion, this study has identified a soluble and fully
conjugated material with inherent electroactive and conducting properties with
tuneable, on-demand degradation features suitable for the next generation of
blended/composite materials towards smart drug delivery and tissue engineer-
ing applications.350
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